Although $50% of all types of human cancers harbour wild-type TP53, this p53 tumour suppressor is often deactivated through a concerted action by its abnormally elevated suppressors, MDM2, MDMX or SIRT1. Here, we report a novel small molecule Inauhzin (INZ) that effectively reactivates p53 by inhibiting SIRT1 activity, promotes p53-dependent apoptosis of human cancer cells without causing apparently genotoxic stress. Moreover, INZ stabilizes p53 by increasing p53 acetylation and preventing MDM2-mediated ubiquitylation of p53 in cells, though not directly in vitro. Remarkably, INZ inhibits cell proliferation, induces senescence and tumour-specific apoptosis, and represses the growth of xenograft tumours derived from p53-harbouring H460 and HCT116 cells without causing apparent toxicity to normal tissues and the tumour-bearing SCID mice. Hence, our study unearths INZ as a novel anti-cancer therapeutic candidate that inhibits SIRT1 activity and activates p53.
INTRODUCTION
The vital importance of the tumour suppressor gene TP53 in preventing human cancer development and progression is not only demonstrated by the fact that its mutations are detected in 50% of all types of human cancers (Hollstein et al, 1991) , but also emphasized by accumulating evidence that the functions and stability of the p53 protein are often abrogated via posttranslational mechanisms in the rest of human cancers with wild-type (WT) TP53 (Brown et al, 2009; Kruse & Gu, 2009) . Cancers need to frequently disarm p53, because it, once activated, triggers cell growth arrest, apoptosis, autophagy or senescence, which are detrimental to cancer cells (Vogelstein et al, 2000; Vousden & Prives, 2009) , and impedes cell migration, metabolism or angiogenesis, which are favourable to cancer cell progression and metastasis (Vousden & Prives, 2009) . These cellular functions of p53 are executed primarily via its transcription-dependent and independent activities (Vousden & Prives, 2009) . However, because these functions are also deleterious to normally growing stem cells and developing tissues (Hong et al, 2009 ), higher eukaryotes have evolved an elegant feedback mechanism to monitor p53 level and activity (Eischen & Lozano, 2009) .
Two chief monitor proteins of p53 are MDM2 (HDM2 in human; Wu et al, 1993) and MDMX (also known as MDM4; Shvarts et al, 1996) . In a feedback fashion, they work together to directly inhibit the transcriptional activity of p53 and mediate p53 degradation via ubiquitin-dependent proteolysis (Haupt et al, 1997; Kubbutat et al, 1997) , as MDM2 possesses an E3 ubiquitin ligase activity (Honda et al, 1997) and its mRNA expression is stimulated by p53 (Barak et al, 1993; Wu et al, 1993 ), thus, keeping p53 level and activity marginally detectable in most of normal mammalian cells or tissues. This feedback regulation as firmly established in mouse models (Jones et al, 1995; Montes de Oca Luna et al, 1995) is subjected to tight regulation (Wade et al, 2010; Zhang & Lu, 2009 ). On one hand, a variety of cellular genotoxic or non-genotoxic stresses can reverse this feedback inhibition (Kruse & Gu, 2009 ) via posttranslational modifications of either p53 or MDM2/MDMX, such as acetylation (Tang et al, 2008) , phosphorylation (Banin et al, 1998; Maya et al, 2001; Shieh et al, 1997) and protein-protein interactions (Zhang & Lu, 2009; Zhang et al, 1998) , to ultimately activate p53 that protects cells from transformation and neoplasia. Among the modifications, acetylation and ubiquitylation occur at a similar set of lysine residues within p53 and thus are mutually exclusive, that is that acetylation of p53 by p300/CBP prevents its degradation by MDM2 and activates its activity, whereas, MDM2 inhibits p53 acetylation by p300/CBP (Ito et al, 2001; Kobet et al, 2000; Li et al, 2002) . Consistently, deacetylation of p53 by an NAD-dependent deacetylase, SIRT1 (Cheng et al, 2003; Luo et al, 2001; Vaziri et al, 2001 ) or a class I histone deacetylase, HDAC1 (Luo et al, 2000) , facilitates MDM2-mediated p53 degradation and inactivates p53. On the other hand, cancers often hijack this feedback regulation to favour their own growth, as human breast cancers, osteosarcomas, lymphomas or leukaemia express high levels of MDM2 or MDMX through distinct mechanisms without p53 mutation (Onel & Cordon-Cardo, 2004) . Also, deacetylases are often highly expressed in cancers (Jung-Hynes & Ahmad, 2009; Nosho et al, 2009; Tseng et al, 2009 ). For instance, SIRT1 is highly expressed in cancers largely due to the downregulation of a gene called hypermethylated-in-cancer-1 (HIC-1; Chen et al, 2005; Tseng et al, 2009; Wales et al, 1995) . HIC-1 encodes a transcriptional repressor that inhibits the expression of SIRT1, but is frequently turned off via hypermethylation of its promoter in cancers (Fleuriel et al, 2009; Fukasawa et al, 2006; Hayashi et al, 2001 ), though it is a p53 target gene as well (Chen et al, 2005; Wales et al, 1995) . In theory, this high level of deacetylases would readily maintain p53 in a deacetylated status in cancer cells, consequently favouring MDM2/MDMX-mediated degradation. Hence, this highly cancer-pertinent and well-defined p53-MDM2-MDMX pathway offers multiple molecule targets for screening small molecules as potential therapies for WT p53-harbouring cancers.
Indeed, several small molecules have been identified to target the p53 pathway (Brown et al, 2009 ). For instance, Nutlin-3, Rita and MI-219 can interfere with the p53-MDM2 binding (Issaeva et al, 2004; Shangary et al, 2008; Vassilev et al, 2004) , consequently increasing p53 level and activity. Recently, Tenovins were reported to inhibit the activity of SIRT2 and SIRT1, inducing p53 acetylation and activity (Lain et al, 2008) . These exciting studies not only consolidate the p53-MDM2 pathway as a valid target, but also provide multiple candidates for development into anti-cancer drugs, though their clinical significance is still under investigation. Since none of the potent inhibitors of the MDM2-p53 binding, such as Nutlin-3 or MI-219 (Shangary et al, 2008; Vassilev et al, 2004) , could effectively affect the MDMX-p53 interaction, we were initially motivated to search for small molecules that could interfere with this interaction, hoping to complement the inhibitory effect of existing MDM2 inhibitors on cancer growth by performing a computational 3D structure-based search followed by a cellbased assessment of top candidates. From this two-step approach, however, we surprisingly uncovered a small molecule that suppresses SIRT1 activity and induces the acetylation, level and activity of p53, consequently and effectively repressing the growth of xenograft tumours derived from human lung and colon WT p53-containing cancer cells.
RESULTS
Identification of Inauhzin (INZ) as a potent activator of p53 with defined functional moieties Comparison of the structures of the MDM2-p53 and MDMX-p53 complexes (Kussie et al, 1996; Popowicz et al, 2007) revealed that the N-terminal hydrophobic pocket of MDMX for p53 binding is much shallower than that of MDM2. This information explained why MDM2 inhibitors failed to affect MDMX-p53 binding and also prompted us to initiate a computational structure-based screening using the AutoDock computer program (Morris et al, 2008) for the docking of virtual compounds that could distinguish the p53 binding sites on MDM2 and MDMX. From our initial computational screening of half a million of commercially available compounds from the ChemDiv chemical library, we selected and purchased 50 top candidates. These compounds were tested in cell-based assays at 10 mM for their ability to induce p53 levels in human lung carcinoma H460 cells using an immunoblotting (IB) analyses. To our delight, one small molecule, 10-[2-(5H-[1,2,4]triazino [5,6-b] indol-3-ylthio)butanoyl]-10H-phenothiazine (abbreviated as INZ; Fig 1B) , induced p53 levels as effectively as actinomycin D (ActD; 10 nM) and in a much more pronounced manner than did the rest of the compounds tested ( Fig 1A and data not shown).
After confirming this effect of INZ in several different p53-containing human cancer cell lines (Fig 1D and Fig S1 of Supporting Information; data not shown), we investigated the relationship between the structure and p53 induction activity of this compound in cells. We were able to obtain 46 commercially available compounds, which are similar to INZ (Fig 1B and data not shown) . The analysis of those compounds in p53 activation in H460 and HCT116 cells by IB (Fig 1C and data not shown) indicated that a unique structure scaffold might be required for the activity of INZ in cells. Both the triazino [5,6-b] indol (G1) and phenothiazine (G2) moieties are essential for p53 induction, as the analogues without either of them failed to induce p53 (data not shown). Also, removal of the ethyl group at the R1 position (INZ2-4) or modification at R3 on the indol moiety of INZ (INZ5) disabled the compound to induce p53 in cells (Fig 1B and C) . These results indicate that a specific chemical structure with the intact triazino [5,6-b] indol-3-ylthio)butanoyl]-10H-phenothiazine is crucial for p53 activation in cells and suggest that this compound may bind to a specific target in cells. However, to our surprise, INZ or its close analogue INZ1 that induced p53 did not apparently affect the interaction between either MDMX and p53, or MDM2 and MDMX, or MDM2 and p53 in our in vitro fluorescence polarization and cell-based co-immunoprecipitation assays (data not shown). A. Screening for compounds that increase p53 levels in cells as detected by IB. H460 cells were harvested for IB after being treated with each of the top 50 compounds (10 mM) from computational-throughput screening for 18 h as shown in a representative blot here (number denotes each compound; INZ). Fifty micrograms of total proteins was used per lane (true for the following figures unless indicated). B. Chemical structures of INZ and its analogues 1-5. C. Cellular activity of INZ analogues was measured using IB that detects p53 levels in H460 and HCT116 cells. The induction levels of p53 were normalized with actin and plotted as percentage of the level of p53 in the cells treated with INZ (mean AE SD, n ¼ 3 
Inauhzin induces p53-dependent apoptosis
To further characterize the effect of INZ on p53 cellular functions, we performed a set of time course experiments using the same aforementioned approaches with 2 mM INZ, as this concentration was sufficient to significantly induce p53 level and activity (Fig 1D) . We found that INZ induced p53 level in a time-dependent manner as early as 6 h post-treatment in both p53-containing H460 and HCT116 cells (Fig 2A) . Correspondingly, three of p53 targets, MDM2, p21 and Puma, were also induced in a time-dependent manner in p53-containing H460 and HCT116, but not in p53-null H1299 and HCT116, cells (Fig 2A) . Interestingly, Puma was induced earlier (3-6 h) and cleaved PARP was detected later on ($12 h; Fig 2A) . Apparently, cleaved PARP was p53-dependent as it was not detected in p53-null cells (Fig 2A) . The induction of p53 targets was clearly at the transcriptional level as p21 mRNA and miR34a, but not p53 mRNA and miR24, were highly induced in H460 cells (Fig 2B and C) . To investigate how INZ preferentially antagonize the proliferation of p53-containing cells, we examined whether the compound induces apoptosis in p53 WT, but not p53 null, cells. As shown in the Fig 2D and , cells, though to a much less degree than did Nutlin-3 (Fig 2F and G; Efeyan et al, 2007 ). These results demonstrate that INZ inhibits cell proliferation by triggering both apoptosis and senescence in p53-containning cells, though it predominantly induces p53-dependent apoptosis.
Inauhzin stabilizes p53 without either directly inhibiting MDM2-mediated ubiquitylation or causing genotoxicity
The fact that INZ induces the protein, but not mRNA, level of p53 (Figs 1 and 2) suggests that this compound might regulate the stability of the p53 protein. To test this hypothesis, we assessed the half-life of endogenous p53 after the treatment of H460 or HCT116 cells with this compound. As shown in Fig 3A and B, 2 mM INZ extended the half-life of p53 from 30 min to more than 3 h (Fig 3A and B) . This effect was specific to p53, as the half-life of p21 was not apparently influenced ( Fig 3A) even though its level was remarkably elevated due to the activation of p53 (Figs 1D and 2A) . Next, we determined if INZ stabilizes p53 by inhibiting its ubiquitylation in cells. Indeed, the ubiquitylation of both endogenous ( Fig 3C) and exogenous ( Fig 3D) p53 proteins was markedly inhibited by 2 mM INZ. However, the auto-ubiquitylation of MDM2 was not significantly affected by the treatment of INZ (Fig S3A of Supporting Information) . Moreover, INZ did not appear to directly affect MDM2-mediated p53 ubiquitylation when it was titrated from 2 to 50 mM in an in vitro ubiquitylation assay using purified proteins (Fig S3B of Supporting Information) . Taken together, these results demonstrate that INZ is able to prevent p53 from MDM2-mediated ubiquitylation and proteasomal degradation and also suggest that it may utilize a cellular mechanism that protects p53 without either directly inhibiting MDM2 activity towards p53 or interfering with MDMX/MDM2-p53 interaction (data not shown).
To elucidate possible cellular mechanisms underlying the protection of p53 by INZ from proteolysis in cells, we tested if this compound causes general genotoxicity to cells by conducting in vitro non-sequence-specific DNA-binding, in vivo immunofluorescence staining for H2AX Ser139 phosphorylation (gH2AX) and cellular p53 phosphorylation assays. We found that INZ is not genotoxic. First, it was a considerably poor DNAbinding agent in comparison with ActD, as the former hardly bound to DNA at 2 mM (Fig 4A) , a dose that markedly induced p53 (Figs 1 and 2), while the latter bound to 50% of DNA molecules even at 0.3 mM (Fig 4A) . Also, even though 2 mM INZ effectively induced p53 levels in cells compared to 10 mM Cisplatin (Cis), it did not appear to cause significant gH2AX focus formation, which is often used as a marker for DNA damage (Paull et al, 2000) . As shown in Fig 4B and C and Fig S4 of Supporting Information, more than 80% of H460 cells treated with 10 mM Cis or 2 mM hydroxyurea (HU) were detected with more than 10 foci per nucleus, whereas, only less than 1.5% of H460 cells treated with 2 mM INZ contained such a high level of foci and $75% of INZ-treated cells were basically free of foci. Furthermore, the level of p53 phosphorylation at either serine 15 or serine 46 in INZ-treated H460 cells was not observed compared to the cells treated with Cis or Etoposide for 18 h (Fig 4D and E) . Phosphorylation of p53 at serine 15 or serine 46 was previously shown to be responsive to severe DNA damage (Banin et al, 1998; Oda et al, 2000; Shieh et al, 1997) . Finally, INZ did not activate AMPK (Fig 4F) , which was also reported to activate p53 by phosphorylating serines 15 and 46 (Jones et al, 2005) . All together, these results exclude the possibility that INZ might activate a kinase cascade that mediates p53 phosphorylation by causing DNA damage or activating AMPK.
Inauhzin inhibits SIRT1 activity and induces acetylation of p53, but not tubulin Previous studies have demonstrated that p53 is also modulated by reversible acetylation, which is inverse to ubiquitylation (Li et al, 2002) because the two post-translational modifications
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Inhibition of SIRT1 and activation of p53 by Inauhzin occur at similar lysine residues within p53. Hence, we tested whether INZ would influence p53 acetylation in cells. Indeed, at 2 mM it induced p53 acetylation at lysine 382 as detected by antiacetylated K382 antibodies, which correlated well with the increment of p53 levels ( Fig 5A) and more markedly than did Etoposide at 10 mM (Fig 5B and C) . Interestingly, INZ induced acetylation of p53 in H460 cells, but not tubulin in constrast with trichostatin A (TSA), which induced acetylation of tubulin (Fig 5D) by inhibiting the activity of the HDAC family, such as HDAC1 and HDAC2 (Finnin et al, 1999) .
Because K382 is a target site for SIRT1 (Luo et al, 2001; Vaziri et al, 2001 ), we wondered whether knockdown of SIRT1 might affect INZ-induced p53 acetylation at K382. As shown in Fig 5E , knockdown of SIRT1 in H460 cells induced p53 acetylation and protein level in the presence of 2 mM Etoposide. However, additional treatment of the cells with 2 mM INZ failed to further induce p53 acetylation and level compared to the cells without SIRT1 knockdown. Consistently, knockdown of SIRT1 also impaired the ability of INZ to synergize the inhibition of cell growth by Etoposide (Fig 5F) . By contrast, in the absence of Etoposide, INZ synergized the negative effect of SIRT1 knockdown on cell growth, as the IC 50 value for INZ in cell growth analysis decreased by $17 fold when SIRT1 was partially depleted via SIRT1 shRNA (Fig 5G) . Similar to INZ treatment (Figs 1 and 2 and 5A and B), knockdown of SIRT1 using SIRT1 specific siRNA induced the level and activity of p53 as well as p53 acetylation, leading to p53-dependent apoptosis and cell growth suppression in HCT116 þ/þ and H460 cells (Fig S5 of Supporting Information). These results indicate that INZ might induce p53 acetylation and suppress cell growth by inhibiting SIRT1 activity in cells.
To validate this possibility, we measured the effect of INZ on SIRT1 activity by conducing in vitro assays using acetylated p53 protein as a substrate and purified His-SIRT1 (Fig S6A and B of Supporting Information) as described in the Experimental Procedures Section of the Supporting Information. As shown in Fig 6A, INZ inhibited SIRT1 deacetylase activity in a dosedependent fashion and effectively inhibited this activity at 3 mM. This inhibition was specific to INZ and its chemical analogue INZ1 (methyl substituted R1), which activated p53 (Fig 1B and  C) and decreased SIRT1 activity in a dose-dependent fashion (Fig S7A of Supporting Information) . By contrast, the analogues INZ5 (bromide substituted on R3) and INZ 15 or INZ 18 (lack of G1, data not shown) that failed to induce p53 did not significantly inhibit SIRT1 activity even at the highest concentration we tested (20 mM).
To obtain the evidence supporting the inhibition of SIRT1 by INZ through their direct interaction, we conjugated biotin to the R1 position of INZ since the analysis of the structureactivity relationships of INZ revealed that R1 could be substituted with a different chemical group. To our delight, this biotinylated INZ was as effective as INZ in the induction of p53 acetylation and level in both H460 and HCT116 cells (Fig S6C and D of Supporting Information) and in inhibition of SIRT1 activity in vitro using acetylated p53 protein as a substrate (data not shown). Using this newly synthesized biotin-INZ, we determined if SIRT1 could bind to INZ in vitro by performing a set of biotin-avidin pull down assays using SIRT7 (Fig S6A of Supporting Information) as a control. SIRT7 was recently reported to deacetylate p53 as well (Lavu et al, 2008) . As shown in Fig 6C, SIRT1 , but not SIRT7, specifically bound to biotin-INZ in a dose-dependent manner. This binding was markedly reduced by 20 mM INZ, further validating the specificity of the INZ-SIRT1 binding (Fig 6B and C) . Additionally, biotin-INZ formed complexes with SIRT1 in vitro as detected by native polyacrylamide gel electrophoresis (PAGE) analyses (Fig S6E of Supporting Information) .
Qi Zhang et al. (Fig 5D) , INZ selectively inhibited the activity of SIRT1, but not SIRT2, SIRT3 or HDAC8, with the IC 50 of 0.7-2 mM using Fluor-de-Lys fluorimetric assays (Fig S7B of Supporting Information) . As K382 of p53 and K9 of Histone H3 have been indicated the acetylated target sites for HDAC1 (DiTacchio et al, 2011; Luo et al, 2000) , we tested the inhibitory effect of INZ on HDAC1. Flag-HDAC1 was prepared from H1299 cells transfected with Flag-HDAC1 by immunoaffinity purification and the deacetylase assay was performed similarly using acetylated p53 protein as a substrate. In contrast to the complete rescue of p53 acetylation by 1 mM of TSA, a drug known selectively inhibits HDAC, but not the Sirtuins, INZ had little effect at 5 mM, but mild effect at 25 mM, on HDAC1 activity (Fig S7D of Supporting Information) .
These results, together with the results of Figs 5 and 6, indicate that INZ appears to be more specific to SIRT1 than to other members of the HDAC family.
To further delineate biochemical mechanisms underlying the inhibition of SIRT1 activity by INZ, we conducted a set of competition assays with limited titration of the compound, acetylated p53 peptide substrates and NAD þ , a co-factor of SIRT1 (Tanny et al, 1999) . As shown in Fig S7E of H460 cells were induced with 1mM AICAR (AMP analogue, an AMPK activator) and 2 mM INZ for indicated times and subjected to IB with antibodies as indicated.
Qi Zhang et al. 
E.
H460 cells were plated in 6-well plates 18 h prior to infection with SIRT1 shRNA or control GFP shRNA. To increase shRNA knockdown efficiency, cells were infected again 24 h later. At 24 h after second infection, cells were treated with Etoposide for 6 h followed by addition of INZ for 12 h. F-G. Cells infected with shGFP or shSIRT1 adenovirus in (E) were seeded at 3000 cells per well in 96-well culture plates and incubated overnight at 37C. Various concentrations of INZ (G) or INZ combined with 2 mM Etopside (F) were added into the plates. Cell growth inhibition was measured using WST cell growth assays. IC 50 values are represented as mean AE standard deviation (n ¼ 3). ÃÃ Indicates p < 0.01.
Figure 6. INZ inhibits SIRT1 activity and directly binds to SIRT1 in vitro.
A. INZ inhibits deacetylation of p53 at lysine 382 by SIRT1 in vitro in a dose-dependent fashion using acetylated p53 protein as a substrate as described in the Experimental Procedures Section of the Supporting Information. B-C. Purified SIRT1 was incubated at indicated concentrations with biotinylated INZ that was conjugated with avidin beads in the presence or the absence of 20 mM of non-biotinylated INZ. Purified SIRT7 was used as a negative control. The intensity of each band for bound SIRT1 as analysed using IB was quantified (B), and each sample was individually compared with the intensity of the samples without SIRT1. The results shown are representative of three-independent experiments. Values represent mean AE SD (n ¼ 3).
D. The inhibitory effects of INZ, Cambinol and
Salermide on SIRT1 activity were measured by the increase of the levels of acetylated p53 at lysine 382 in vitro. Inauhzin is more effective than cambinol or salermide in inhibition of SIRT1 activity and activation of p53
We then compared INZ with some published SIRT1 inhibitors (Heltweg et al, 2006; Lain et al, 2008; Lara et al, 2009 ) by performing in vitro p53-deacetylation and cellulous p53-activation assays. INZ was shown to be more effective in inhibiting SIRT1 activity compared to cambinol or Salermide in in vitro assays using acetylated p53 proteins as a substrate, as neither of the latters could inhibit SIRT1 activity at 6 mM, at which INZ markedly recovered p53 acetylation (Fig 6D) . Consistently, INZ was also more effective than these two compounds in the induction of p53 acetylation and level in H460 (Fig 6E and 
Inauhzin suppresses growth of human xenograft tumours harbouring p53
To investigate the biological significance of the activation of p53 by INZ, we carried out a set of animal experiments to evaluate the effect of this compound on the growth of human xenograft tumours. First, we tested if INZ would affect the growth of xenograft tumours derived from H460 cells in severe combined immunodeficiency (SCID) mice since this compound markedly induced p53 level and activity at 2 mM as well as p53-dependent apoptosis in this cell line (Figs 1 and 2 ). Once H460 xenograft tumours grew into the size of 100 mm 2 , we started to administer the mice with 30 mg/kg INZ via intraperitoneal (i.p.) injection once every other day (Q.O.D.) for 3 weeks. As shown in Fig 7A, the tumours grew significantly more slowly in the INZ treated animals than in those animals treated with respective vehicle (5% dimethyl sulphoxide; DMSO; p < 0.05). INZ significantly reduced the average tumour weight at the end of the experiment by nearly 40% ( p < 0.05, Fig 7A and Fig S9C of Supporting Information). Through this experimental period, both groups of animals had been healthy except bearing tumours and without apparent changes in their behaviour, food appetite and body weight. At the end of the experiment, 1, 2, 4, 8 and 10 h after the last dose, we obtained sera and harvested tumours at 4 and 8 h. Quantitative high-performance liquid chromatography (HPLC)-MS/MS (API 4000, Applied Biosystems) analysis of the sera revealed that the average level of INZ peaked at 1.5 mg/ml (equivalent to 3 mM concentration) 1 h after the i.p. administration (Fig S9A of Supporting Information). The result was consistent with our pharmacokinetics results (data not shown). INZ levels in the tumors reached to 653.8 ng/g at 4 h and then decreased by 8 h (Fig S9B of Supporting Information) , indicating INZ was able to penetrate tumours and persist within tumour tissues after i.p. administration. Moreover, INZ-treated H460 tumours displayed elevated p53 compared to the vehicle-treated tumours by IB (data not shown). These results suggest that INZ has good tumour tissue penetration and is able to inhibit tumour growth by inducing p53.
To further assess the tumour suppression activity of INZ and determine if the p53 pathway contributes to this tumour suppression function of this compound in vivo, we implanted p53-containing and p53-null HCT116 cells into the same SCID mouse (one at each side of its back) to generate p53 þ/þ and p53 À/À tumours, as shown in the representative Fig 7C, to minimize possible variations between the two cell lines caused by individual animals. Also, we modified the strategy of drug administration since the animals in H460 xenograft experiments did not show any apparent abnormality. Once palpable tumours were detected, pairs of mice were randomized to receive either 30mg/kg (n ¼ 7) once per day (Q.D.) or vehicle (5% DMSO). As a result, INZ was more effective in retarding the tumour growth in HCT116 þ/þ tumours, as it more significantly reduced tumour growth and weight by $70% at the end of the experiment (Fig 7B) . Furthermore, this inhibition was p53-dependent, as INZ had moderate effect on the growth of HCT116 À/À tumours ( Fig 7B and Fig S9C of Supporting Information). INZ-treated HCT116 þ/þ tumours were significantly smaller than their respective controls of vehicle treatment ( p < 0.01), whereas, there were marginal differences between INZ and vehicle treatments in p53-null HCT116 xenografts ( p > 0.1). Correspondingly, p53 level and activity as indicated with induction of cleaved PARP were highly induced in INZ-treated p53-harbouring, but not in p53-null, HCT116 tumours (Fig 7D) . This induction in the p53-harbouring tumours was also well correlated with a significant increase in apoptosis within the tumour as measured by TdT-mediated dUTP nick end labelling (TUNEL) assays and a marked decrease in proliferation as measured by 5-bromodeoxyuridine (BrdU) staining (Fig 7E-G) . However, there was no significant difference observed in apoptosis and proliferation between INZ and vehicle treatments in p53-null HCT116 xenografts. Remarkably, INZ also potently induced apoptosis specifically in tumour cells (Fig 7E and F) without measurable cell death in the high proliferative of normal tissues (Small intestine, spleen and stomach; Fig S9D of Supporting Information). Collectively, these results demonstrate that INZ effectively induces apoptosis and suppresses tumour growth in p53-harbouring tumours.
DISCUSSION
Our study as presented here identifies INZ as a novel small molecule that possesses an ability to induce p53 level and activity, consequently leading to p53-dependent apoptosis. As a
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Inhibition of SIRT1 and activation of p53 by Inauhzin result, this compound inhibits the growth of xenograft tumours from p53-containing lung and colon cancer cell lines, but exhibits minimum effect on tumours from p53-null HCT116 cells. By using a rationale-based strategy and a reverse targetidentification approach (identifying the target(s) of a compound after unveiling its cellular phenotype or biological activity), we excavated a likely mechanism that attributes to the activation of p53 by this compound, that is inhibition of SIRT1 activity (Fig 8) .
Our initial biochemical analyses indicate that INZ does not appear to compete with a substrate for the active site of SIRT1, but might affect the binding of NAD þ to SIRT1 via an uncompetitive mechanism, though this mode of action needs to be further investigated. It is intriguing that INZ does not effectively induce p53 level and activity in human embryonic fibroblast WI-38 cells and human fibroblast NHF cells (Fig 1D and data not shown) . Likewise, it is also much less toxic to these normal cells even though they contain WT p53 (Fig 1E and Fig S8 of Supporting Information). This is distinct from MDM2 inhibitors, such as Nultin or MI-63, both of which can activate p53 in normal fibroblast cells (Shangary et al, 2008) . Although the SIRT inhibitor, Tenovin-1, was also reported to resist in the normal human dermal fibroblasts (Lain et al, 2008) , the comparison of its analogue Tenovin-6 with INZ revealed that the latter is much less toxic than the former to primary human fibroblast cells (Fig S8C of Supporting Information) . Although it remains to be investigated why INZ does not activate p53 in normal fibroblast cells, it is possible that in the absence of stress, SIRT1 might not be needed to inactivate p53 as p53 is not acetylated by p300/CBP in normally growing cells. Consistent with this assumption, it
Qi Zhang et al. was recently shown that SIRT1 has no significant role in the growth of murine embryonic stem (ES) cells under normal conditions, but SIRT1 could control mitochondrial localization of p53 by deacetylating it in response to oxidative stress in ES cells (Han et al, 2008) . Another possibility is that SIRT1 might be more active in some cancer cells than in normal cells. Indeed, SIRT1 is highly expressed in several human cancers including lung, colon and prostate cancers due to the inactivation of its repressor HIC-1 (Fleuriel et al, 2009; Fukasawa et al, 2006; Nakae et al, 2006; Tseng et al, 2009 ). HIC-1 suppresses the expression of SIRT1 at the transcriptional level in response to p53 activation (Chen et al, 2005; Wales et al, 1995) , but is often turned off in cancers due to promoter hyper-methylation (Fleuriel et al, 2009; Fukasawa et al, 2006; Hayashi et al, 2001 ; Fig 8) . Thus knockdown of SIRT1 by siRNA or inhibition of SIRT1 activity by INZ conveys a more significant effect on p53 activation in cancer cells than in normal cells (Figs S5 and S8 of Supporting Information). Because of this, INZ is much less toxic to normal cells, and this feature would be conducive to clinical therapy, as it would minimize its side effect on cancer-bearing patients. Over the past decade or so, several small molecule inhibitors of the Sirtuin family have been reported (Alcain & Villalba, 2009 ). Some of them were quite potent in test tubes (Trapp et al, 2007) and effective in yeast or plants (Grozinger et al, 2001 ). However, none of them has been shown to be bioactive in suppression of tumour growth in animal models until recently when Tenovins were identified to inhibit SIRT2 as well as SIRT1 with a relatively weak activity (Lain et al, 2008) . Tenovins induce p53 acetylation and activity resulting in suppression of xenograft melonoma and Burkitt's lymphoma growth in vivo at 50-90 mg/kg via IP. By contrast, INZ is a specific and more potent inhibitor of SIRT1 (Figs 5 and 6 and Figs S7 and S8 of Supporting Information) and also considerably effective in exerting p53-dependent suppression of xenograft lung and colon cancer growth in vivo at 30 mg/kg via i.p. (Fig 7) . More importantly, INZ is more selective between cancer cells and normal cells compared to . This discrepancy might be due to the following possibilities: (1) Tenvoins affect multiple members of the Sirtuin family; (2) INZ and Tenovins perhaps inhibit SIRT1 through different mechanisms or bind to different forms of SIRT1 in different cellular locations (Byles et al, 2010; Lynch et al, 2010; Nasrin et al, 2009) , and for example, INZ might bind to phosphorylated SIRT1 which is more active in cancer cells (data not shown); (3) Tenovin and INZ might be transported through cellular membranes by distinct transporters, whose expression levels could be different between normal and cancer cells. Some of the possibilities will be worth to be further examined. Also, INZ was more effective than two other known SIRT1 inhibitors, Cambinol or Salermide, in inhibition of SIRT1 activity in vitro and activation of p53 in cells . Although another SIRT1-specific inhibitor, EX527, which effectively inhibited SIRT1-mediated p53 acetylation in vitro, had little influence on p53 acetylation and level in MCF7 cells (Peck et al, 2010) , it did affect the SIRT1-p53 pathway in rodent tissues (Velasquez et al, 2011) . These seemingly contradictory results suggest that EX527 might not be permeable to certain cancer cell lines, such as MCF7 cells. By contrast, INZ was able to activate p53 in all of the p53-containing cancer cells we tested, including MCF7 cells (Figs 1 and 2 and Fig S1 of Supporting Information). Therefore, our initial comparison of INZ with the existing small molecule SIRT1 inhibitors indicates that INZ distinguishes itself with following features: (1) more effective in inhibiting SIRT1 activity in vitro; (2) more potent in p53 activation in cells; (3) less toxic to normal cells and tissues; (4) more bioactive and bioavailable to all of the cancer cell lines tested. Based on these special characters, INZ appears to be a good candidate for further developing into an anti-cancer drug.
Although there might be the existence of other potential protein targets for INZ, our results clearly show that this compound at lower doses specifically triggers p53-dependent apoptosis and suppression of cell proliferation in both cultured cells and xenograft tumours. Another p53 family member, p73, was previously shown to be a target for SIRT1 . Indeed, knockdown of p73 partially impaired the induction of p21 and MDM2 levels by INZ (Fig S2C of Supporting Information), which could partially explain why p21 induction by this compound occurred earlier than p53 induction in Fig 2A. However, depletion of p73 by siRNA did not apparently affect the induction of the level, acetylation and apoptotic activity of p53 by INZ (Fig S2C-E of Supporting Information), indicating that this compound indeed suppresses cell growth by mainly activating p53 and inducing p53-dependent apoptosis (Figs 1-8) , which is in line with the previous reports showing the close link of p53 acetylation with p53-dependent apoptosis (Tang et al, 2006) . Therefore, our study uncovers INZ, which is structurally distinct from any of the published Sirtuin inhibitors, as the first SIRT1 inhibitor that can induce p53 acetylation, level and activity without causing genotoxicity and disrupting
Inhibition of SIRT1 and activation of p53 by Inauhzin Figure 8 . A model for INZ action in cancer cells. Upon stress, p53 is significantly acetylated by p300 and thus prevented from ubiquitylation and degradation mediated by MDM2/MDMX. SIRT1 deacetylates p53, not only inhibiting its activity, but also rendering p53 into an ideal substrate for MDM2/MDMX-mediated ubiquitylation and degradation. INZ can induce p53 acetylation and level, hence reactivating p53 by inhibiting SIRT1 deacetylase activity, as SIRT1 is often highly expressed in cancers or cancer cells due to the lack of expression of its repressor HIC-1 via promoter hypermethylation as indicated in dotted lines; Otherwise, in normal cells where its promoter is not hypermethylated, HIC-1 can be induced by p53 to repress SIRT1 expression at the mRNA level in response to stress.
MDM2/MDMX-p53 interaction in cancer cells, leading to p53-dependent apoptosis and suppression of tumour growth (Fig 8) . This unexpected finding not only validates the negative regulation of p53 by SIRT1 in cancer cells, but also divulges a new class of target-specific small molecules as another highly promising contender for future therapy of p53-bearing human lung, colon and prostate cancers that highly express SIRT1 (Jung-Hynes & Ahmad, 2009; Nosho et al, 2009) , although it has been debating if SIRT1 plays a role in cancer development and whether SIRT1 would be an appropriate target for cancer therapy (Bosch-Presegue & Vaquero, 2011; Fang & Nicholl, 2011; Herranz & Serrano, 2010; van Leeuwen & Lain, 2009 ). Since SIRT1 is also involved in aging and metabolic disorders (Guarente, 2000) , identification of INZ as an inhibitor of SIRT1 would offer a useful tool for studying molecular events or mechanisms underlying these diseases and a potential candidate for their therapeutic development. Finally, it would be important and interesting to explore if INZ could synergize the anti-cancer effect of the known small molecules that target the p53 pathway or of the existing chemotherapy or radiotherapy in the near future.
MATERIALS AND METHODS

Compounds
The compounds for the cell-based screen, INZ and its analogues were purchased from Asinex, ChemDiv and ChemBridge. INZ and INZ 1-5 were re-validated by LC/MS on an Agilent 1200 LC/MS system (Agilent Technology) at the Chemical Genomics Core Facility on the campus. INZ used for the animal experiments was synthesized, purified and identity verified by ChemBridge Inc. The minimum purity of all compounds is higher than 90%. MI-63 was generously provided by Shaomeng Wang (University of Michigan). ActD, Cis, Etoposide and TSA were purchased from Sigma. 5-Aminoimidazole-4-carboxamide-1-b-D-ribofuranoside (AICAR) was purchased from Toronto Research Chemicals Inc., North York, Ontario, Canada. Cambinol, Salermide and Tenovin-6 were from Cayman Chemical Company. Tenovin-6 was also provided by Sonia Lain (University of Dundee) as a gift. Biotinylated INZ was synthesized and characterized by NMR and LC-MS (Supporting Information).
Cell viability assay
To assess cell growth, the cell counting kit (Dojindo Molecular Technologies Inc., Gaithersburg, Maryland) was used according to manufacturer's instructions. Cell suspensions were seeded at 5000 cells per well in 96-well culture plates and incubated overnight at 378C. Compounds were added into the plates and incubated at 378C for 72 h. Cell growth inhibition was determined by adding WST-8 at a final concentration of 10% to each well, and the absorbance of the samples was measured at 450 nm using a Microplate Reader (Molecular Device, SpecrtraMax M5 e ).
In vivo ubiquitylation assay
For detection of ubiquitylation of endogenous p53, H460 cells in the 60 mm plates were transfected with (His) 6 -ubiquitin (His-Ub; 3 mg). At 24 h after transfection, cells were treated with various concentrations of INZ for 18 h, and then 10 mM MG132 and 20 mM ALLN for 8 h. For detection of ubiquitylation of exogenous p53, HCT116 À/À cells were transfected with His-Ub (3 mg), p53 (0.2 mg) and HA-MDM2 (2 mg) expression plasmids as indicated in Fig 3D and Fig S3A of Supporting Information. At 36 h after transfection, cells were treated with INZ for 4 h followed by addition of 10 mM MG132 for 8 h. Cells were harvested and split into two aliquots, one for IB and the other for His pull-down by Nickel-NTA agarose (Thermo Scientific) as described previously (Dai et al, 2006; Sun et al, 2007) and analysed by IB.
Immunofluorescence for detection of H2AX Ser139 phosphorylation (gH2AX) foci H460 cells at 50-70% confluence were treated with 2 mM of INZ or 10 mM Cis for 18 h or 2 mM HU for 8 h. Cells were fixed in 4% formaldehyde/PBS for 10 min, permeabilized and blocked with 0.3% Triton-100, 8% BSA/PBS. The primary antibodies used were polyclonal Phospho-Histone H2A.X (Ser139) antibodies in 1:250 dilution (20E3, Cell Signaling) and monoclonal p53 antibodies (DO-1, Santa Cruz Biotechnology) according to the manufactural instruction. Alex488 secondary antibodies were used to detect protein signals (Invitrogen). Images were taken with a Zeiss Axiovert 200M fluorescent microscope and measured using AxioVision 4.7.2.0 software.
Deacetylation activity assays using full-length acetylated p53 proteins as a substrate H1299 cells were transfected with Flag-p53 plasmid and then infected with p300 adenovirus (Zeng et al, 2003) for 24 h. The cells were treated with 0.4 mM TSA for 18 h and harvested for purification of p53 proteins by using anti-Flag M2 agarose (Sigma). Bound proteins were eluted in TBS buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 0.2 mg of synthetic Flag peptides/ml, and then dialysed in deacetylation buffer (50 mM Tris-HCl, pH 8.8, 50 mM NaCl, 4 mM MgCl 2 , 0.2 mM PMSF, 1 mM DTT, 5% Glycerol, 0.1%NP-40). Deacetylation reaction containing purified Flag-p53 proteins and titrated INZ was pre-incubated at room temperature for 10 min and initiated by adding 1.0 unit of SIRT1 enzyme (Enzo Life Sciences) and 50 mM NAD þ . Reactions were incubated at 308C for 1 h and stopped by addition of SDS loading buffer. Samples were analysed by IB and the acetylated Flag-p53 was detected with anti-p53K382Ac antibodies and total Flag-p53 was detected with anti-p53 DO-1 antibodies (North et al, 2005) . The inhibition experiments of INZ, Cambinol and Salermide on SIRT1 activity were carried out using the same conditions as above. For each sample, the level (band intensity) of p53K382Ac was quantified and normalized against total p53 levels. Inhibitory activity was calculated as the mean value of negative controls minus the average sample value divided by the mean value of negative controls minus the mean value of positive controls, multiplied by 100. Positive controls (100% inhibition) contained the acetylated p53 protein substrate only (first lane), and negative controls (0% inhibition) contained the substrate and SIRT1 enzymes (second lane). See Fig 6D. 
Binding of biotinylated INZ to SIRT1
Recombinant SIRT1 and SIRT7 were expressed in Escherichia coli (E. coli) BL21-CodonPlus (DE3)-RIPL and purified through Ni-NTA agarose beads. Purified proteins was stained with Coomassie blue staining and quantified with BSA as a standard. The activity of purified SIRT1 was measured by the decrease in the levels of Ac-Lys382-p53 with acetylated-p53 protein as a substrate. For detection of binding of biotinylated INZ to SIRT1, the indicated concentrations of purified His-SIRT1 was incubated with biotinylated INZ that was conjugated to NeutrAvidin Agarose (Thermo Scientific) at 48C overnight by gently agitating in the presence or the absence of 20 mM of free and nonbiotinylated INZ. The beads were washed three times with 0.5% w/v NP-40, 0.2% w/v Tween 20/Tris buffered saline. Equal volumes of 2Â SDS sample buffer were then added to each bead sample. The samples were boiled for 5 min and subjected to SDS-PAGE and immunoblotted with anti-His antibodies.
Mouse xenograft studies
Five-weeks-old female SCID mice were purchased from In Vivo Therapeutics (IVT) Core, Indiana University Simon Cancer Center (IUSCC) and housed in a BSL2 environment. Mice were subcutaneously inoculated with 5 Â 10 6 H460 or 3 Â 10 6 HCT116 cells. Tumour growth was monitored every other day with electronic digital calipers (Fisher Scientific) in two dimensions. Tumour volume was calculated with the formula: tumour volume (mm 3 ) ¼ (length Â width 2 )/2 (Figg & McLeod, 2004) . When the mean tumour volume reached approximately 100 mm 3 after 7-9 days, animals were dosed by i.p. injection with vehicle (5% DMSO) or INZ. Inhibition of tumour growth was calculated on the last day of treatment. To detect p53 activation in vivo, tumours were harvested and disrupted in RIPA buffer containing a protease inhibitor mixture (Sigma). Tumour lysates were analysed by IB. Cell proliferation in tumours was assessed by BrdU Supporting information is available at EMBO Molecular Medicine online.
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